The magnetic properties of 4d and 5d transition-metal insulating compounds with the honeycomb structure are believed to be described by the Heisenberg-Kitaev model, which contains both the isotropic Heisenberg interaction J and anisotropic Kitaev interaction K. In this paper, to investigate the charge dynamics in these materials, we study the single-hole propagation of the t-J-K model in various magnetically ordered phases by the self-consistent Born approximation. We find that there are low-energy coherent quasiparticle (QP) excitations in all of these phases which appear firstly around the K point in the Brillouin zone (BZ), but the band-widths of these QPs are very small due to the hole-magnon coupling. Interestingly, in the zigzag phase relevant to recent experiments, though the QP weights are largely suppressed in the physical spectra in the first BZ, we find that they recover in the extended BZs. Moreover, our results reveal that the low-energy QP spectra are reduced with the increase of K.
I. INTRODUCTION
Since the discovery of high-Tc superconducting cuprates, the nature of the charge carrier in doped Mott insulators has attracted considerable attention in the studies of strongly correlated electron systems 1 . The parent compounds of cuprates are antiferromagnets (AF) Mott insulators whose physics could be described by a Hubbard model with large on-site Coulomb repulsion U . At half filling, the Hubbard model reduces to the AF Heisenberg model 2 . By doping holes or electrons into the system, the AF order is suppressed and a superconducting phase emerges above a critical doping concentration, and the low-energy physics in this case is believed to be described by the t-J model 3 . The evolution from the AF insulating phase to the superconducting phase induced by doping is highly nontrivial 1 . The study of charge dynamics in Mott insulators is essential to understand the extraordinary phenomena in cuprates. In this respect, the dynamics of a single hole or electron in an AF Mott insulator on the square lattice is an outstanding issue, and it has been extensively studied [4] [5] [6] [7] [8] [9] [10] [11] .
Recently, the 4d and 5d transition-metal materials have attracted considerable attentions, as the interplay between the spin-orbital coupling (SOC), crystal fields, and electronic correlation can induce many novel electronic and magnetic ground states 12, 13 . Especially, it could lead to the so-called spin-orbital assisted Mott insulator, in which the relevant electronic structures are described in terms of a half-filled relativistic J ef f = 1/2 narrow band so that a small Hubbard interaction U is sufficient to open a Mott gap 14, 15 . The low-energy physics of such insulators is described in terms of J ef f = 1/2 pseudospin Hamiltonians. In particular, the Kitaev interactions that underlying the celebrated Kitaev honeycomb model 16 can be realized in such insulators on the honeycomb lattice 17, 18 , such as Na 2 IrO 3 , Li 2 IrO 3 and α-RuCl 3 19-27 . The Kitaev model is exactly solvable and its ground state is a Z 2 spin liquid whose elementary excitations are Majorana fermions 16 . However, in real materials, besides the Kitaev interactions, there are also some other types of interactions [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , such as the Heisenberg interactions. As a result, in most cases, the real materials are magnetically ordered, e.g. the ground states of Na 2 IrO 3 and α-RuCl 3 exhibit the zigzag magnetic order. Based on the Heisenberg-Kitaev model containing both the nearest-neighbor (NN) Heisenberg and Kitaev exchange interactions, theoretical studies have shown that the zigzag AF phase emerges in a broad range of parameters 28 . Moreover, besides the zigzag AF phase, there are other three magnetically ordered phases in this model in the global phase diagram 28 , including a ferromagnetic (FM) order, a Néel AF order and a stripy order. Experimentally, the angle-resolved photoemission spectroscopy (ARPES) measurements on Na 2 IrO 3 and α-RuCl 3 29-33 show that the small bandwidths of the Ir 5d-t 2g and Ru 4d-t 2g valence bands are inconsistent with the large hopping amplitudes for 5d-t 2g and 4d-t 2g states as generally expected. Hence, the interplay between magnetism and charge dynamics is important in the theoretical understanding of the spectral properties in these materials 29, 30 . In this paper, motivated by the progress in research of the 4d and 5d transition-metal compounds and the possible applications of the Heisenberg-Kitaev model in these materials, we investigate the dynamics of a single hole in various magnetically ordered phases of this model. We find there are low-energy coherent quasiparticle (QP) excitations with small bandwidths in all of these phases, though the spectra at high energy are dominated by large incoherent spectral weights. The small bandwidths of the QP bands are resulted from the strong hole-magnon couplings. We also find that the low-energy coherent QPs in all of these phases appear firstly around the K point in the BZ, which suggests that the doped hole will form a hole Fermi pocket centered at this point for small doping levels. Interestingly, for the zigzag phase that is relevant to Na 2 IrO 3 and α-RuCl 3 , clear QP features appear in spectral functions of holes created and annihilated on one sublattice, while most of them are hidden in the physical spectral functions in the first BZ due to the interference effect of the two-sublattice Green's function on the honeycomb lattice. This interference effect also manifests itself in the way of recovering these hidden spectral weights in the extended BZs. Moreover, when the Kitaev interaction is increased to drive the system close to the Kitaev spin-liquid phase, the low-energy QP spectral weights are largely suppressed. The physical mechanisms of inducing these spectral features are also discussed in this paper.
II. MODEL AND METHOD
Our analysis is based on the t-J-K model which consists of two terms,
where H JK is the Hamiltonian of the Heisenberg-Kitaev model and the hopping term H t is restricted in the Hilbert space without double occupancies. The two terms are given as
where c † iσ is the electron creation operator with spin σ, S i is the electron spin operator and the index u ij takes values x, y, or z depending on the direction of the NN bond ij [see figure 1(a) ].
We will employ the self-consistent Born approximation (SCBA) to investigate the charge dynamics in magnetically ordered phases of the t-J-K model. In SCBA, the electron operators in equation (2) are expressed by the slave-fermion representation 5 , c iσ = h † i b iσ , where h † i is a fermionic operator creating a spinless hole (holon) and b iσ is a Schwinger boson operator annihilating a boson with spin σ at the site i. The fermionic and bosonic operators satisfy the following constraint:
The spin operators in equation (3) are expressed as
is a two-component spinor and σ represents the Pauli matrices. For an ordered state, one of the bosons condenses and the remaining bosonic operators are described by the HolsteinPrimakoff bosonic operators, subsequently the spin excitations can be calculated by the linear spin-wave (LSW) theory 27 . Then, we determine how a hole couples to these spin excitations when it hops. This approach has been widely applied to study a single hole dressed by spin excitations in various magnets [4] [5] [6] [34] [35] [36] [37] . Assuming there are L sublattices in each magnetic unit cell, we can obtain the following effective spin-wave Hamiltonian from the Hamiltonian (3) with the LSW theory 27 ,
where
Here, b iα is the Holstein-Primakoff boson on the sublattice α of the i-th magnetic unit cell, and N is the total number of lattice sites. The explicit forms of 2L × 2L matrix M (k) depend on the magnetic orders of ground states, and are given in A. By diagonalizing the Hamiltonian (5), we have as
The bare holon hopping matrix T (k) and holon-magnon interaction vertex D(k, q, n) are L × L matrices, and their expressions depend on the magnetic orders (see C).
The holon Green's function is written as,
In the SCBA, the renormalized vertex and magnon propagator in the self-energy are approximated by the bare vertex and propagator, so the self-energy matrix Σ h (k, ω) is given as,
The corresponding holon spectral function is
As the holes from different sublattices can not be distinguished in experiments, in order to compare with ARPES experiments we have to introduce the operator c k,σ by the Fourier transformation
and the spectral function for the physical hole is
with the following relation 38 ,
III. RESULTS AND DISCUSSION
In the following, we analyze the spectral properties of a single hole in various magnetically ordered phases of this model, including the Néel AF, zigzag and stripy phases, whose magnetic structures are shown in figure 1(c) . In the calculations, we choose 16 × 16 magnetic unit cells and use the periodic boundary condition. The ω mesh is set to 2000 points from −6t to 6t. Roughly speaking, for Mott insulators, J ∝ t 2 /U , so we set J much smaller than t in the following discussions.
We first discuss the case of the Néel AF phase. According to the results in reference 28 , the Néel AF phase exists in the range −0.7355 J/K 0.022 with J > 0. Figure 2(a) shows the holon spectra A h (k, ω) = α A h αα (k, ω) and the spectra for the physical hole
as defined above for J = 0.16t and K = −0.08t. In addition to the dominant incoherent spectral weight at high energies, we can find that there are obvious quasiparticle (QP) coherent peaks with a small bandwidth near the bottom of the whole spectra. In the Néel AF phase, a hole moving along a chain (zigzag or armchair) will destroy the antiferromagnetic alignment of spins and create a string of flipped spins with an increase in energy being proportional to the length of the path. Subsequently, the hole tends to be bounded to its original lattice site by the string, so it seems to be immobile. This is consistent with our approximation, in which the hopping term of the free holon is zero (see C). However, Trugman has suggested that there are certain higher-order hopping processes 39 , which allow the hole to move onto a next-nearest-neighbor site without creating frustration. On the other hand, the quantum spin fluctuations due to the S + S − and S + S + terms in the Kitaev-Heisenberg model (3) can erase part of the string and make the hole mobile. Thus, the holon (spinless hole) does not have an infinite effective mass but has a finite mobility, which exhibits an obvious dispersion for the QP peak as shown in figure 2(a) . These spectra also reveal that the lowest-energy QP appears at the K point and disperses to the small momentum P point and nearly loses its weight at the Γ point.
From figure 2(a), we can see that A h (k, ω) and A c (k, ω) have little difference except that the QP peak is slightly suppressed in the physical spectral function A c (k, ω). Furthermore, in comparison with the exactdiagonalization (ED) results 40 , we find that both the overall shapes of the spectra and the dispersion of the lowest qusiparticles are very similiar.
To see the effects of the Kitaev interaction K on the spectra, we change the interaction parameters to J = 0.035t and K = 0.40t, and the results are shown in figure 2(b) . In comparison with the results in figure 2(a) , we find that the line shapes of the spectra look similar in the two sets of parameters. The main difference is that the low-energy QP spectral weight is suppressed significantly in figure 2(b) and it transfers to the high-energy incoherent part. In particular, the QP peaks are smeared out at the Γ and P points. The reason for this reduction of QP spectral weight is that the energy of the low-energy branch of the magnons decreases with the raise of K [see figure B1(a)], which enhances the coupling between the holon and magnon and correspondingly reduces the coherence of the QPs.
We then study the single-hole spectra in the zigzag phase. The parameter range for the zigzag phase is −1.4909 J/K −0.0252 with J < 0 (see reference 28 ). Figure 3 (a) shows A h (k, ω) and A c (k, ω) for J = −0.09t and K = 0.22t. As the original point-group symmetry of the honeycomb lattice is broken in the zigzag phase, we average the spectral functions over all of the inequivalent K (M or P ) points. In contrast to the Néel AF phase, the hopping Hamiltonian of the free holon in the zigzag phase is nonzero (see C), i.e. the holon can hop along the zigzag chains. However, due to the strong coupling between the holon and the spin waves of localized spins in the magnetic background, the well-defined QP only exists in the low-energy region. Thus, as shown in figure 3(a) , the bandwidth of the QP is largely suppressed, which makes the QP spectra exhibit very weak dispersion. This mechanism can be further verified by increasing K (or reducing J), for which the magnon energy of the low-energy branch is decreased [see figure B1(b)] and correspondingly the coupling between the holons and magnons is enhanced. The enhancement of the holon-magnon coupling will completely suppress the QP spectral weight and there is no QP peak in all k points[see figure 3(b) ]. This spin-polaronic behavior in the spectral function provides a natural explanation for the ARPES measurements on Na 2 IrO 3 and α-RuCl 3 29-33 , which show that the small bandwidths of the Ir 5d-t 2g and Ru 4d-t 2g valence bands are at variance with the generally expected large hopping amplitudes for 5d-t 2g and 4d-t 2g states.
Unlike the Néel AF phase, the spectra A h (k, ω) and A c (k, ω) have distinct features in the zigzag phase. For A h (k, ω), we see QP peaks very clearly at low energies. However, for A c (k, ω), the QP features are obviously suppressed at the Γ and P points, and there is even no QP peak at the Γ point, while the spectral intensity at the K point is slightly enhanced. Thus, for the physical spectral function the QP peak also occurs firstly at the K point. These features are similar to the ED results 41 . The hopping processes of the hole in the zigzag phase mainly come from the NN bonds between the two sublattices of the honeycomb lattice. As a result, if the intra-sublattice and inter-sublattice spectral functions have comparable intensity but different signs at some momentum points, the corresponding spectra are seriously suppressed, otherwise the spectra will be enhanced if they have the same sign.
On the other hand, the two-sublattice structure introduces a phase difference upon a translation of the reciprocal primitive vector 42 , which results in a larger periodic unit cell of the spectral function A c (k, ω). Correspondingly, the low-energy spectral weights of A h (k, ω) hidden in A c (k, ω) will recover in extended BZs [see figure 3(c) ], so we propose that the ARPES experiments will find more information about the spectral function in extended BZs.
Next, we shift to the stripy phase, which exists in the range of −0. J = 0.16t and K = −0.24t. Similar to the zigzag phase, we also average the spectral functions over the inequivalent points K, M and P . A notable feature of A h (k, ω) is that the spectra at different momenta are very similar, so the QP dispersion is absent in the stripy phase. The reason is that the alternating alignment of the AF and FM bonds hinders the coherent motion of the hole, which is similar to the case of the Néel AF phase. Moreover, the Trugman processes 39 , which allow the hole to move onto a third-nearest-neighbor site without creating frustration in the stripy phase, need higher-order corrections compared to the Néel AF phase. Thus, the Trugman processes can not induce an obvious dispersion of the QPs as that in the Néel AF phase. In addition, similar to the zigzag phase, the low-energy spectra at Γ and P points in A c (k, ω) are seriously suppressed comparing with those in A h (k, ω), and the physical mechanism is the same as that in the zigzag phase. Also, similar to those in the Néel AF and zigzag phases, the increase of the Kitaev interaction K enhances the hole-magnon coupling and suppresses the low-energy QP spectral weight [see figure  4(b) ].
At last, comparing the above results about the physi-cal spectral function A c (k, ω), we find a common feature of the low-energy QPs, i.e. the lowest excitation energy of the QPs is at the K point. It suggests that the doped hole will appear firstly around the K point, and consequently form a hole Fermi pocket centered at this point in the small doping regime. This feature is consistent with the ARPES results on Na 2 IrO 3 and α-RuCl 3 29-31 . Moreover, in all of the three magnetically ordered phases, the low-energy QP spectral weights are suppressed by the increase of the Kitaev interaction K, for which the phases are close to the Kitaev spin-liquid phase. This result is consistent with the ED result, which shows that the QP spectral weight disappears in the Kitaev spin-liquid phase 40 .
IV. SUMMARY
We have studied charge dynamics of a single hole in various magnetically ordered phases of the KitaevHeisenberg model by the self-consistent Born approximation. Though the spectra are dominated by large incoherent spectral weight, there are low-energy coherent QP excitations in all of these phases. We find that the doped hole appears firstly around the Γ point in the Brillouin zone, suggesting the formation of a hole Fermi pocket around that momentum point with a light doping. The spectra are modified remarkably when increasing Kitaev interaction drives the system close to the Kitaev spinliquid phase, i.e. the QP features are strongly suppressed and the spectral weight moves to high energy. Interestingly, in the zigzag phase, clear QP features appear in spectral functions in the first BZ for holes created and annihilated on one sublattice, while they are hidden in the physical spectral functions corresponding to the ARPES experiments, but we find that these hidden spectral recovers in the extended BZs. These results may stimulate further experimental investigations on dynamics of a single hole, especially in candidate Kitaev-Heisenberg materials with an antiferromagnetic and stripy magnetic order. The hopping matrix M (k) of the Holstein-Primakoff bosons in the spin-wave Hamiltonian (5) has the following form,
where A(k) and B(k) are L × L matrices. The explicit forms of A(k) and B(k) depend on the magnetic order of the ground state.
(i) For the Néel order (L = 2),
and
in which
(ii) For the zigzag order (L = 4),
(iii) For the stripy order (L = 4),
in which Figure B1 exhibits the spin waves in the Néel AF, zigzag and stripy phases. In each phase, we present the results for two sets of parameters, which are used in the main text. We can see that there is a common feature for the spin waves in all of the three magnetically ordered phases, i.e. the excitation energy of the lowest-energy branch in every phase is reduced with the increase of the Kitaev interaction K. The operator b k,α of the Holstein-Primakoff boson in equation (5) is related to the operator γ k,n of the magnon in equation (6) 
which can be obtained by diagonalizing the Hamiltonian (5) . Using this relation between b k,α and γ k,n , we can write the explicit expression of the bare holon dispersion T (k) and holon-magnon interaction D(k, q, n) in the Hamiltonian (7).
(i) For the Néel order, T (k) is zero and
where 
